Introduction
============

Plastid genomes are demonstrably homologous to those of cyanobacteria, but have experienced drastic reductive evolution ([@evx013-B38]; [@evx013-B20]; [@evx013-B4]). Of the more than 4000 genes found in sections IV and V cyanobacteria, which have been suggested to be the closest living relatives to the ancestor of the plastid ([@evx013-B11]; for an alternative view, see [@evx013-B56]), plastid genomes have retained only about 100--200 due to gene loss and endosymbiotic gene transfer ([@evx013-B48]). A particularly appealing hypothesis for why some genes have been retained is that they are important for the *in situ* regulation of the photosynthesis redox reactions ([@evx013-B3]), which also applies to the retention of genes by mitochondria for the regulation of their key bioenergetic reactions as part of the electron transport chain. Although the genomes of primary green plastids (Chloroplastida, *cf.* [@evx013-B1]) tend to have fewer genes than those of red algae and glaucophytes ([@evx013-B2]), there are some exceptions. One is *Ycf1*.

A few things are unusual about *Ycf1*. It has no detectable homolog in cyanobacteria, red algae or glaucophytes ([@evx013-B13]). The origin of *Ycf1* traces back to either a gain of the gene by the plastid genome, which appear to be extremely rare events, or a radical divergence upon the duplication of a plastid gene in the common ancestor of all Chloroplastida ([@evx013-B54]; [@evx013-B13]; [@evx013-B40]). Regardless of its origin, *ycf1* knockouts were shown to be lethal in tobacco ([@evx013-B17]) and *Chlamydomonas* ([@evx013-B9]), although the reason(s) for this lethality, or the function of the protein, were unknown at the time. Based on data gathered from *Arabidopsis*, it was later proposed that YCF1 is in fact TIC 214, a critical component of the protein translocation machinery at the inner chloroplast envelope ([@evx013-B29]). If true, TIC214 would be the only TIC component encoded by the plastid genome. Moreover, *Ycf1* has been lost in Poaceae and possibly a few other land plants as well ([@evx013-B26]; [@evx013-B13]). For these reasons, the possibility that YCF1 represents "a general TIC translocon" ([@evx013-B29]) has been challenged ([@evx013-B13]; [@evx013-B7], [@evx013-B8]), with additional criticism revolving around the extreme variation in YCF1 sequence length, which remains to be explained.

In the context of streptophyte terrestrialization, we recently discussed the evolution of the algal Cte-YCF1 to the land plant version of the protein, Ste-YCF1 ([@evx013-B14]), along with the transformation of FTSH into YCF2 (cf. [@evx013-B10]). This analysis highlighted a clear distinction between the plastid genomes of the lower (Klebsormidiophyceae + Chlorokybophyceae + Mesostigmatophyceae = KCM) and higher branching streptophyte algae (Zygnematophyceae + Coleochaetophyceae + Charophyceae = ZCC). However, these inferences were hampered by the availability of only a single plastid genome from the lower branching Klebsormidiophyceae. Here we revisit the evolution of *ycf1* and its implications for the origin of Ste-YCF1 in land plants, taking advantage of newly sequenced plastid genomes from streptophyte algae ([@evx013-B35]). Specifically, we have discovered a conserved motif, currently of unknown function, in the YCF proteins of some ZCC algae and embryophytes.

*Klebsormidium* spp. YCF1 Proteins Stand out
============================================

YCF1 sequences are diverse in sequence and size. We first used a phylogenetic approach to gain a preliminary glimpse at YCF1 evolution across streptophyte algae. Though a divergent protein, our YCF1 phylogeny ([fig. 1*a*](#evx013-F1){ref-type="fig"}) shows remarkable resemblance to the most recent species phylogeny based on the phylogenetic analysis of 88 plastid-encoded proteins ([@evx013-B35]; [fig. 1*b*](#evx013-F1){ref-type="fig"}). When comparing the YCF1 phylogeny to the species phylogeny ([fig. 1*a* and *b*](#evx013-F1){ref-type="fig"}), two YCF1 proteins do not branch as expected within streptophyte algae, both of which are from the genus *Klebsormidium*. This likely reflects the pronounced structural changes characteristic of the plastid genomes of Klebsormidiophyceae ([@evx013-B35]). This prompted us to take a closer look at the protein sequences of streptophyte algal YCF1s.F[ig]{.smallcaps}. 1.---Phylogeny of klesbormidiophycean YCF1. *(a)* Maximum likelihood LG + G + I + F phylogeny (500 bootstraps, values shown at each node, partial deletion \[95%\], gamma category 5) of YCF1 protein sequences from the same species as in *(b)*. NCBI accession numbers of the YCF1 proteins are shown behind the species name. The tree is drawn to scale based on the substitution rate. Note the phylogenetic position of *Klebsormidium* spp. YCF1. (*b*) A reference cladogram of species phylogenetic relationships based on [@evx013-B35]. Relationships of the chlorophyte *N. olivaceae*, 5 lower branching KCM and 13 higher branching ZCC streptophyte algae, and the land plant *P. patens* are shown. Klebsormidiophyceae are highlighted in purple. *(c)* YCF1 proteins are drawn to scale based on their length in aa. Color gradient from red (negative) to white (none) to green (positive) indicate the predicted charge based on the EMBOSS explorer (sliding window size: 5 aa). Boxes on the proteins indicate predicted TM domains where, applying a majority rule, some consensus was found based on TMHMM, Phobius and SOSUI. The frequency with which the TMs were predicted by the different programs was evaluated using CCTOP and is depicted as black (predicted by all algorithms) to white (predicted by few algorithms) coloration of the boxes. Note the length of klebsormidiophycean YCF1s (purple font) and the position of the 200 bp intron removed prior to *in silico* translation of *M. endlicherianum*'s YCF1 (arrowhead). *(d)* Depiction of the YCF1 protein sequence alignment of the 20 YCF1s used in (*a*). The topmost line depicts the full 5015 positions of the alignment (of which 311 aligned residues were used for the phylogeny shown in \[*a*\]), black boxes indicate regions where based on a majority rule some consensus was found for at least half of proteins under consideration. The histograms below depict high (red) to low (blue) hydrophobicity (top) and 30--70% (yellow) to \< 30% (red) sequence identity (bottom). A zoom-in into the very C-terminal region of the alignment shows that Ste-YCF1 of higher ZCC streptophyte algae shares the core aa-sequence "RLEDLACMNRFW" with land plants. Note the conserved hydrophobic block of N-terminal aa and the conserved C-terminal end. The removal of the intron in the *ycf1* ORF of *Mesotaenium* restores a YCF1 that carries a RxEDLACMNRFW motif. *(e)* An alignment of 21 land plant YCF1s (3 bryophytes, 3 lycophytes, 6 monilophytes, 3 gymnosperms, *Gingko*, and 5 angiosperms) demonstrates that RLEDLACMNRFW is conserved throughout all embryophyte Ste-YCF1s. Note the putative RNA editing sites (marked with dotted boxes filled in the color corresponding to the aa after RNA editing) in the *S. moellendorffii* motif sequence (based on data from *S. unicata* \[cf. [@evx013-B43]\]).

Klebsormidiophyceaen YCF1 Has Undergone Drastic Sequence Expansion
==================================================================

YCF1 homologs exhibit a wide range of sizes ([@evx013-B13]). There are nevertheless some features these proteins all share: they are predicted to contain six to eight transmembrane TM domains at their N-terminus and to encode charged repeats that cover much of the remaining sequence (cf. [@evx013-B13]; [@evx013-B41]). We surveyed all 20 YCF1 proteins with regard to their length, charge, and number of predicted TM domains.

Streptophyte algal YCF1 proteins range between 410 aa (*Mesostigma* *viride*) and 4186 aa (*K. flaccidum*) ([fig. 1*c*](#evx013-F1){ref-type="fig"}). The largest portion of each YCF1 protein, except for the small YCF1s of the basal branching KCM streptophyte algae *M. viride* and *Chlorokybus atmophyticus*, is made up of the repetitively charged C-terminus. Noteworthy was a long negatively charged region from aa position 1777 to 1883 in the YCF1 of *Mesotaenium endlicherianum*, which is followed by similarly sized positively charged region spanning amino acid (aa) residues 1885--1943. In all cases, the YCF1 N-terminus was predicted to contain 6--7 TMs, usually located within the first 250 aa ([fig. 1*c*](#evx013-F1){ref-type="fig"}). The only exceptions are the zygnematalean YCF1s of *M. endlicherianum* and *Cylindrocystis brebissonii*, which were sometimes predicted to have a seventh TM starting around position 1250 and a seventh and eighth TM at around positions 650 and 700, respectively. The longest streptophyte YCF1s in our dataset (and to our knowledge the longest of any streptophyte) are those of the Klebsormidiophyceae. This, together with the results of the phylogenetic analysis ([fig. 1*a*](#evx013-F1){ref-type="fig"}), sets the klebsormidiophycean YCF1 clearly apart from both the Cte-YCF1 of the other KCM streptophyte and chlorophyte algae as well as the ZCC/embryophyte Ste-YCF1.

A Novel Motif in Ste-YCF1
=========================

Land plants and ZCC streptophyte algae are united by having a Ste-YCF1 type protein ([@evx013-B13]). This separation was determined through reciprocal HMM detection, which uncovered Cte-YCF1 only when using Cte-YCF1 alignments as a seed and Ste-YCF1s only when using Ste-YCF1 alignments as a seed. Aligning all ZCC Ste-YCF1s with the KCM Cte-YCF1s reveals two regions with high sequence conservation: the first is the hydrophobic N-terminus with its TM domains ([fig. 1*c*](#evx013-F1){ref-type="fig"}) and the second is at the very C-terminus ([fig. 1*d* and *e*](#evx013-F1){ref-type="fig"}). Closer inspection of the C-terminal region uncovered a conserved stretch of sequence that includes a 12 aa long motif, RLEDLACMNRFW; we suspect that the single conserved cysteine residue is critical for the function of the motif. We henceforth consider these 12 aa as the 'core motif'. This core motif is present in Zygnematophyceae (the closest algal relatives of embryophytes \[[@evx013-B55]\]), Coleochaetophyceae and embryophytes. Directly upstream of this core motif there are eight more conserved residues; the full consensus of the Ste-YCF1 motif is thus IKRFLWPTxRLEDLACMNRFW ([fig. 1d](#evx013-F1){ref-type="fig"} and e). The only Charophycaeae sequence in this dataset, that of *Chara vulgaris*, bears a divergent, possibly rudimentary, form of the core motif including the cysteine and differing in four aa, R**I**EDL**V**CM**E**R**V**W (bold = different aa). The fact that *Chara* possesses the most rudimentary form of the core motif is consistent with the basal branching of the Charophyceae within ZCC algae (cf. [@evx013-B55]; [@evx013-B15]).

To further assess the degree of conservation of the RLEDLACMNRFW motif among embryophytes, we expanded the alignment to include sequences from across the diversity of land plants. We found that the core motif RLEDLACMNRFW is conserved from moss to *Arabidopsis thaliana* ([fig. 1*e*](#evx013-F1){ref-type="fig"}). Moreover, land plants have an extended conserved C-terminal region of 39 aa ([fig. 1*e*](#evx013-F1){ref-type="fig"}). The only land plant sequence showing severe alterations from this core motif (including the cysteine residue) was that of *Selaginella moellendorffii*. *S. moellendorffii* is known for its unusual organellar biology characterized by massive RNA editing ([@evx013-B21]). In its close relative *S. uncinata*, RNA editing of the *Ycf1* open reading frame (ORF) converts the codons from encoding R**P**ED**P**S**R**MNR**PR** into encoding R**L**ED**L**S**C**MNR**FW** ([@evx013-B43]; [fig. 1*e*](#evx013-F1){ref-type="fig"}). Ergo, RLEDLACMNRFW is a motif within YCF1 that *Arabidopsis* shares with the common ancestor of all land plants.

To determine whether this motif has been detected before, we used the 12, 21, and 39 aa motif versions as queries for InterPro scans. The former two did not return any hits. Using the 39 aa motif as a query, InterPro again predicted no family memberships, domains or functions, but detected an unintegrated (i.e. not yet curated) signature match against the unnamed PANTHER protein family PTHR33163 (cf. [@evx013-B39]), that consists of 74 land plant YCF1s and does not list the 12, 21, or 39 aa motifs as a conserved feature. None of the motif versions can be found in PFAM (cf. [@evx013-B19]) and motif searches of the PDB database (cf. [@evx013-B6]) returned no hits. Using the 12, 21, and 39 aa versions of the motif as queries for a BLASTp against the RefSeq database (applying a very low stringency *e* value cutoff of \<1), we detected only streptophyte YCF1 sequences (see [supplementary table S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evx013/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evx013/-/DC1) online). Hence, the aa sequence RLEDLACMNRFW (and extended versions) indeed represents a novel motif restricted to higher streptophyte YCF1s.

To confirm these BLAST-based results, we used all motif versions as queries in pHMMER searches ([@evx013-B18]) against the UniProt database ([@evx013-B47]). The 12 aa motif did not return any significant hits. The 21 aa and 39 aa motifs returned 1788 and 2139 significant hits, respectively. All of these hits, except one, were streptophyte sequences that encompass land plant and 12 ZCC streptophyte algal Ste-YCF1s. The exception was the nuclear-encoded FAR-RED IMPAIRED RESPONSE 1 (FAR1) protein of *Medicago truncatula* (protein id: MTR_2g039370), containing a 39 aa long C-terminal stretch (F**K**L**FLWP**NY**RLEDLAC**I**NR**Y**WFNT**H**NGS**H**F**SI**LRI**H**MYP** \[bold = identical residue\]) that resembled the 39 aa version of the Ste-YCF1 motif. FAR1 proteins are transcription factors ([@evx013-B23]; [@evx013-B37]) with the ability to bind DNA ([@evx013-B37]). This warrants further investigation, as nucleic acid binding capacities have been described for *Chlamydomonas* YCF1 ([@evx013-B9]). An involvement of the novel Ste-YCF1 motif in DNA/RNA-binding or even transcriptional regulation is hence conceivable (see below).

YCF1 Sequence Divergence and the First Filamentous Streptophyte Algae
=====================================================================

What does this mean for the trajectory of YCF1 evolution and ultimately its function? Cte-YCF1 most likely evolved in the common ancestor of all Chloroplastida ([@evx013-B54]; [@evx013-B13]). After the split of streptophytes and chlorophytes (cf. [@evx013-B36]; [@evx013-B5]), the basal branching streptophyte algae Mesostigmatophyceae and Chlorokybophyceae retained the ancestral Cte-YCF1, sharing it hence with the chlorophytes ([fig. 2](#evx013-F2){ref-type="fig"}). In the common ancestor of Klebsormidiophyceae and higher branching ZCC streptophyte algae, the Cte-YCF1 evolved into the highly expanded version found in Klebsormidiophyceae (\>3000 aa length) and the Ste-YCF1 (bearing the RLEDLACMNRFW motif). Ste-YCF1 was vertically inherited by land plants. Therefore, the changes in YCF1 sequence emerged along the trajectory that includes the first filamentous streptophyte ([fig. 2](#evx013-F2){ref-type="fig"}).F[ig]{.smallcaps}. 2.---YCF1 sequence divergence during streptophyte algal evolution. A cladogram of the evolution of Chloroplastida (thick lines; chlorophytes = yellow, streptophytes = different shades of green) with the trajectory of YCF1 evolution projected on top. The ancestral Cte-YCF1 (blue) is shared by chlorophytes and the KCM streptophyte algae of the Mesostigmatophyceae and Chlorokybophceae. Along the trajectory of streptophyte evolution that includes the first filamentous streptophyte (one of the common ancestors of recent Klebsormidiophyceae and ZCC streptophyte algae + land plants) the Cte-YCF1 sequence started to change (dark purple). From there, YCF1 diverged into the klebsormidiophycean YCF1 (red) and the Ste-YCF1 (purple). The latter is found among ZCC streptophyte algae and land plants.

We previously hypothesized that changes in YCF1 occurred concomitantly with changes in FtsH/YCF2 (cf. [@evx013-B14]). Although FtsH is a plastid-encoded component of the photosystem II maintenance machinery ([@evx013-B12]; cf. [@evx013-B24]), YCF2's function remains unknown ([@evx013-B17]). So, what about klebsormidiophycean FtsH/YCF2? *Entransia* is the only member of the Klebsormidiophyceae with a sequenced plastid genome that encodes the *ftsH* gene (cf. [@evx013-B35]). *Klebsormidium* spp. has probably lost *ycf2/ftsH*. Civáň and colleagues used a BLASTp approach to distinguish between higher streptophyte YCF2 and FtsH (among Chloroplastida, the latter can be found in *Mesostigma, Chlorokybus* and chlorophytes). Querying *Entransia* "FtsH" via BLASTp against the non-redundant protein database of NCBI ([@evx013-B42]) returned the YCF2 sequence of the conifer *Pseudolarix amabilis* as the best hit (YP_009268451.1; *e* value of 4 × 10^−^ ^18^, but with a query coverage of only 22%), followed by many other land plant YCF2s with equally low query coverage. In accordance with the approach taken by Civan and colleagues, *Entransia* FtsH can hence be classified as YCF2. It is noteworthy that the closest streptophyte algal hit, when using the *Entransia* FtsH/YCF2 as query was found to be *Closterium*'s YCF2 (YP_009256827.1, *e* value of 2 × 10^−^ ^14^, 27% query coverage and the 61st hit). We interpret this as klebsormidiophycean YCF2 being distinct from its orthologs in other streptophyte algae and land plants; this is reminiscent of the pattern we observed for klebsormidiophycean YCF1. Therefore, our new data further supports the notion that YCF1 and YCF2 sequence divergence occurred contemporaneously. The underlying reason(s) for this parallel divergence is as elusive as the functions of the proteins themselves.

In 1997, Boudreau and colleagues found that *Chlamydomonas* Cte-YCF1 was able to bind nucleic acids and suggested that it could bind plastid DNA. If so, YCF1 might be important, for example, during plastid division and in the context of a filamentous and, in the case of many ZCC algae and land plants, polyplastidic species. Alternatively, YCF1 might bind specific RNAs instead of DNA, which would point to a regulatory function at a certain stage of the plastid, perhaps regulating a stage transition associated with protein import. This regulatory role might be linked to the recent finding that exogenous treatment of the ZCC alga *Spirogyra pratensis* with the phytohormone ethylene resulted in a downregulation of the gene expression of Ste-YCF1, concomitant with elevated stress response signaling as well as decreased gene expression of photosynthesis-associated and chlorophyll biosynthesis-associated proteins ([@evx013-B53]). In summary, the massive divergence in size, the conserved motif in Ste-YCF1, and the loss of the protein in grasses speaks in favor of a function that reaches beyond that of just a TIC component.

Conclusion
==========

YCF1 remains an enigmatic protein. However, the broader the sampling of sequence data across the diversity of streptophytes becomes, the less puzzling the sequence diversity of YCF1 appears. In this study, we have shown that 1) klebsormidiophycean YCF1 is unique regarding its size expansion and 2) that Ste-YCF1s are united by a novel motif that is RLEDLACMNRFW. The function(s) of this motif remains to be explored, but it is likely significant considering its strict conservation across more than 500 Myr of evolution, which separates *Coleochaete* and *Arabidopsis* (cf. [@evx013-B44]).

Materials and Methods
=====================

To generate the YCF1 dataset, we sampled annotated ORFs of *ycf1* genes from 18 available streptophyte plastid genomes ([@evx013-B33], [@evx013-B34]; [@evx013-B50], [@evx013-B51]; [@evx013-B10]) as well as from the moss *Physcomitrella patens* ([@evx013-B46]) and the chlorophyte alga *Nephroselmis olivacea* ([@evx013-B49]), and translated them into protein sequences using Geneious R8.1.8 ([@evx013-B28]). For *M* *.* *endlicherianum*, we removed the intron suggested by [@evx013-B10] prior to translation.

Using MAFFT v.7 ([@evx013-B27]; G --INS --I), we generated an alignment of all 20 YCF1 proteins and used MEGA7 ([@evx013-B31]) to compute a maximum likelihood phylogeny applying the LG + G + I + F model ([@evx013-B32]; 500 bootstraps, partial deletion \[95%\] leaving 311 positions, gamma category 5). The 21 embryophyte Ste-YCFs were aligned using the settings L--INS--I in MAFFT v.7.

YCF1 charge was predicted using the EMBOSS explorer ([@evx013-B45]). Predictions of TM domains were generated using TMHMM ([@evx013-B30]), SOSUI ([@evx013-B22]), and Phobius ([@evx013-B25]). To build a consensus between all TM predictions we used CCTOP ([@evx013-B16]).

Supplementary Material
======================

[Supplementary data](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evx013/-/DC1) is available at *Genome Biology and Evolution* online.
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